b-Catenin is a multifunctional protein involved in cell adhesion and communication. In response to signaling by Wnt growth factors, bcatenin associates with nuclear TCF factors to activate target genes. A transactivation domain identified at the C-terminus of b-catenin can stimulate expression of artificial reporter genes. However, the mechanism of target gene activation by TCF/b-catenin complexes and the physiological relevance of the b-catenin transactivation domain still remain unclear. Here we asked whether the b-catenin transactivation domain can generate a Wnt-response in a complex biological system, namely axis formation during Xenopus laevis embryogenesis. We show that a chimeric transcription factor consisting of b-catenin fused to the DNA-binding domain of LEF-1 induces a complete secondary dorsoanterior axis when expressed in Xenopus. A LEF-1-b-catenin fusion lacking the C-terminal transactivation domain is impaired in signaling while fusion of just the b-catenin transactivator to the DNA-binding domain of LEF-1 is sufficient for axis-induction. The latter fusion molecule is blocked by dominant negative LEF-1 but not by excess cadherin indicating that all events parallel or upstream of the transactivation step mediated by b-catenin are dispensable for Wnt-signaling. Moreover, b-catenin can be replaced by a heterologous transactivator. Apparently, the ultimate function of b-catenin in Wnt signaling is to recruit the basal transcription machinery to promoter regions of specific target genes.
Introduction
Signaling events mediated by the Wnt family of growth factors play diverse and important roles during development in a wide range of organisms (Cadigan and Nusse, 1997; Moon et al., 1997) . Among the best studied systems for Wnt signaling are the establishment of anterior-posterior segment polarity in the developing embryo of Drosophila melanogaster and the specification of the dorso-anterior body axes in larvae of Xenopus laevis (Cadigan and Nusse, 1997; Moon et al., 1997) . Key players in these signaling events are b-catenin and its Drosophila counterpart, armadillo Cadigan and Nusse, 1997; Cavallo et al., 1997; Willert and Nusse, 1998) . These factors are multifunctional proteins which aside from their role in transmission of Wnt signals are involved in numerous other cellular processes. They play a critical structural role in cell-cell adhesion by linking cadherin transmembrane adhesion proteins to the cytoskeleton (Kemler, 1993; Gumbiner, 1996) . The observation that b-catenin can interact with the epidermal growth factor receptor (Hoschuetzky et al., 1994) and that it is a substrate for other tyrosine kinases (Daniel and Reynolds, 1997) suggests that b-catenin may participate in diverse signaling pathways. Recently, b-catenin has also been implicated in the development of cancer Morin et al., 1997; Rubinfeld et al., 1997; He et al., 1998) .
Genetic and biochemical studies have identified many of the other factors involved in processing of Wnt signals Willert and Nusse, 1998) . Members of the Frizzled family of transmembrane proteins serve as receptors for the secreted Wnt factors. Stimulation of Frizzled receptors by Wnt activates a signaling cascade which includes Dishevelled (Dsh), glycogen synthase kinase 3b (GSK-3b), Axin, and probably the Adenomatous polyposis coli (APC) tumor suppressor protein. These factors control the subcellular distribution and stability of bcatenin such that its cytosolic levels are low in resting cells. Upon Wnt stimulation, levels of b-catenin increase and it can translocate into the nucleus where it interacts with members of the TCF family of transcription factors to ultimately control the activity of specific target genes (Behrens et al., 1996; Huber et al., 1996; Molenaar et al., 1996; Cavallo et al., 1997; Clevers and van de Wetering, 1997; Riese et al., 1997; van de Wetering et al., 1997) .
TCF proteins possess a high mobility group (HMG) domain which mediates their DNA-binding (Grosschedl et al., 1994; Clevers and van de Wetering, 1997) . Apparently, all TCF family members recognize the same DNA consensus motif . Even though TCF factors lack typical transactivation domains they can induce gene expression through various mechanisms. By introducing a sharp bend in the DNA, LEF-1 for instance facilitates the assembly of functional nucleoprotein complexes (Grosschedl et al., 1994) . Alternatively, TCF proteins can form bipartite transcription factor complexes in which b-catenin or other factors may contribute transactivation domains (Molenaar et al., 1996; Bruhn et al., 1997; van de Wetering et al., 1997) .
While the role of b-catenin in Wnt signaling has been firmly established, the molecular mechanism of b-catenin action is less clear (Bienz, 1998; Cox and Peifer, 1998) . In keeping with the architectural role of b-catenin in cell adhesion, promoter activity of Wnt-target genes may change because association of b-catenin with TCF factors alters the degree of DNA-bending (Behrens et al., 1996) . Alternatively, b-catenin may induce gene expression by displacing transcriptional repressors from TCF proteins (Bienz, 1998; Cavallo et al., 1998; Levanon et al., 1998; . Based on studies with artificial reporter gene constructs and transient transfection assays (Molenaar et al., 1996; van de Wetering et al., 1997 ) the currently most widely accepted model suggests that b-catenin functions as transcriptional coactivator of LEF-1 and other TCF factors and thus links LEF-1/TCF factors to the general transcription apparatus. Although it has been shown that the C-terminus of b-catenin harbors a transcriptional activation domain Hsu et al., 1998) , b-catenin constructs lacking this domain can generate a Wnt-like response (Funayama et al., 1995; Miller and Moon, 1997) . Thus, at present it cannot be ruled out that activities of b-catenin which are not related to transactivation or which do not require its transactivation domain are important for its signaling properties.
Major problems for a functional analysis of b-catenin in vivo are posed by its need to associate with TCF factors to be targeted to a promoter, and by the presence of endogenous b-catenin which may interfere with the activities of exogenous b-catenin mutants (Merriam et al., 1997; Miller and Moon, 1997) . To overcome these difficulties and to address the importance of the transactivation function of b-catenin in Xenopus development we have analyzed the signaling properties of fusion proteins consisting of the LEF-1 DNA binding domain and various portions of b-catenin. Here we show that the C-terminus of b-catenin is necessary and sufficient for the induction of a secondary dorsoanterior body axis by the LEF-1 fusion proteins in Xenopus embryos. Since b-catenin can be fully replaced by a heterologous transactivation domain from the Herpes simplex virus VP16 protein it appears that indeed the most crucial activity of b-catenin during Wnt signaling is to establish a link with the basal transcription machinery.
Results and discussion

Covalently linking LEF-1 and b-catenin generates sequence specific transcriptional activators
Native b-catenin associates with TCF factors through its armadillo repeat region (Behrens et al., 1996; Molenaar et al., 1996) (Fig. 1a) . To be able to analyze a possible role of the C-terminal transactivation domain of b-catenin in Wnt signaling independently from the remainder of the protein, we directly fused murine b-catenin amino acids 695-781 to the C-terminus of a truncated form of LEF-1, generating LEFDN-bCTA (Fig. 1a) . The LEFDN portion lacks residues 7-264 of wild-type (WT) LEF-1 including two contextdependent transcriptional activation domains and the bcatenin binding domain (Carlsson et al., 1993; Giese and Grosschedl, 1993) . Thus, LEFDN proteins cannot associate with native b-catenin but can still bind to DNA recognition sequences shared by TCF family members (Huber et al., 1996; Molenaar et al., 1996) . For comparison we also made a fusion construct consisting of the entire coding region of b-catenin added to the C-terminus of LEF-1 (LEFDN-bcat). All constructs contained sequences encoding the influenza virus hemagglutinin (HA) epitope and were efficiently expressed when transfected into human 293 kidney cells (Fig. 1b) . To test whether the LEF-1-bcatenin fusions could activate a promoter containing TCF binding sites, we transfected 293 cells with expression vectors for LEF-1 or the LEF-1-b-catenin fusions and either the TOPFLASH or the FOPFLASH reporter plasmids . Luciferase expression from TOPFLASH is driven by four copies of a consensus TCF motif and a minimal c-fos promoter, while FOPFLASH contains mutated, non-functional TCF motifs . Upon expression of WT LEF-1, TOPFLASH reporter gene activity increased by about 2-fold possibly because WT LEF-1 can recruit endogenous b-catenin (Fig. 1c) . In contrast, no stimulation of TOPFLASH activity was seen with LEFDN, which consists of only the DNA-binding HMG box. Expression of LEFDN-bcat, which has LEFDN linked to fulllength b-catenin, resulted in a 5-to 6-fold stimulation of reporter gene activity. Induction of the TOPFLASH reporter by LEFDN-bCTA was even higher (20-fold) and equaled the activity achieved with activated b-catenin carrying a mutation in its N-terminal negative control region (Yost et al., 1996; Aberle et al., 1997) (Fig. 1c) . None of the various LEF-1 constructs activated the FOPFLASH reporter (Fig.  1c) . Taken together, the results show that linking full-length b-catenin or the C-terminus of b-catenin to the LEF-1 HMG box generates sequence-specific transcriptional activators capable of stimulating a cognate TCF/b-catenin responsive promoter.
Expression of transactivating LEF-1-b-catenin fusions causes body axis duplication in Xenopus
Induction of an ectopic dorsoanterior axis in Xenopus laevis embryos is a well characterized assay for Wnt-like signaling activities Harland and Gerhart, 1997) . To investigate whether the transactivation function of b-catenin is sufficient to generate a Wntresponse in a defined biological context, we injected mRNA coding for LEFDN, LEFDN-bcat and LEFDNbCTA into the ventral marginal zone of a single blastomere of 4-cell stage embryos. While LEFDN had no axis inducing activity, expression of either LEFDN-bcat or LEFDNbCTA resulted in a high proportion of embryos developing a new dorsoanterior axis (Table 1 and Fig. 2a ). The ectopic axis was very often complete, showing both eyes and a cement gland at the tadpole stage. When injected at the animal pole, LEFDN-bcat and LEFDN-bCTA efficiently induced expression of the homeobox gene siamois, a marker for the late Nieuwkoop center (Lemaire et al., 1995) (Fig.  2b , lane 4, and data not shown). The siamois gene is most likely a primary target for our constructs since its promoter contains several TCF binding sites and responds directly to activation by TCF and b-catenin (Brannon et al., 1997) . Thus, it appears that both LEFDN-bcat and LEFDNbCTA possess properties that are characteristic for an active Wnt signaling pathway.
Recently, it was found that certain derivatives of b-catenin and the related protein plakoglobin, which appear unable to translocate to the nucleus or which lack their Cterminal transactivation domain nonetheless cause dorsoanterior axis duplication in Xenopus (Funayama et al., 1995; Karnovsky and Klymkowsky, 1995; Merriam et al., 1997; Miller and Moon, 1997) . From this it was suggested that bcatenin instead of functioning as a transcriptional activator may have to inactivate factors which repress axis formation (Merriam et al., 1997) . Alternatively, mutant b-catenin and plakoglobin may have simply provoked activation of endogenous b-catenin (Miller and Moon, 1997) . The possibility that axis-induction by LEFDN-bCTA is mediated indirectly rather than by direct binding to the promoter regions of TCF target genes was addressed in several ways. First, RNA for LEFDN-bCTA or Xwnt-8 was coinjected with RNA for Ccadherin, which immobilizes b-catenin at the cellular membrane and would make endogenous b-catenin unavailable for signaling by the Wnt pathway (Heasman et al., 1994; Fagotto et al., 1996) . Indeed, axis induction by Xwnt-8 was effectively blocked by C-cadherin co-expression (Table 2) . In contrast, coinjecting C-cadherin RNA did not inhibit the activity of LEFDN-bCTA (Table 2) . Thus, axis induction by LEFDN-bCTA occurs independently of endogenous b-catenin and probably of all other components of the Wnt-signaling pathway upstream of b-catenin.
Next, we exploited the dominant negative action of LEFDN to determine at which step within the Wnt signaling cascade LEFDN-bCTA acts. LEFDN can still occupy TCF binding sites in promoter regions but cannot bind b-catenin and has no transactivation domain itself. Injection of LEFDN into the dorsal marginal zone resulted in ventralization of the embryos (data not shown). Confirming the specific activity of LEFDN, ventralization could be fully rescued by coinjecting Siamois mRNA (data not shown), and dominant negative LEFDN could not inhibit ectopic axis induction by Siamois which is supposed to be downstream of the TCF/b-catenin signaling complex ( Table 2) . Coinjection of LEFDN prevented axis formation by both XWnt-8 and LEFDN-bCTA (Table 2 ). The inhibition of LEFDN-bCTA was moderate (from 80 to 22%) at a 1:1 ration of LEFDN versus LEFDN-bCTA, but increased significantly (from 79 to 3%) when RNA was injected at a ratio of 3:1 (Table 2) . Coinjection of LEFDN (or C-cadherin) did not affect expression levels of LEFDN-bCTA (Fig. 2c , lanes 1, 4 and 5), indicating that the inhibitory activity of LEFDN was indeed due to a functional block by occupying DNA recognition sites. Therefore, it appears that LEFDN-bCTA requires unrestricted access to TCF binding sites and functions at the same level as the TCF/b-catenin complex. Additional support for this view was obtained by analyzing the signaling activity of a LEFDN-bCTA derivative carrying a deletion of amino acids 280 to 318 in the LEF-1 portion of the fusion (Fig. 1a) . The resulting molecule LEFDNDHMGbCTA lacks most of the LEF-1 DNA-binding domain but maintains the nuclear localization signal and the b-catenin transactivation domain. When tested in transient transfection experiments, LEFDNDHMG-bCTA failed to activate the TOPFLASH reporter gene (Fig. 1c) . More significantly, although it was expressed as efficiently as LEFDN-bCTA (Fig. 2c, lanes 1 and 2) , LEFDNDHMG-bCTA was not able to induce an ectopic axis (Table 1) . Impairing its ability to bind to DNA also interfered with the capacity of LEFDNDHMG-bCTA to induce Siamois expression in Xenopus animal caps (Fig. 2b, lane 5) . This shows that the LEFDN-bCTA fusion does not elicit a Wnt-like response because overexpression of the C-terminus of b-catenin titrates away a negative regulator. Rather, the lack of axis induction by LEFDNDHMG-bCTA, the inhibition of LEFDN-bCTA by LEFDN, as well as the inability of overexpressed C-cadherin to interfere with axis formation by LEFDN-bCTA, all suggest that this chimeric transactivator induces an ectopic body axis by directly acting on Wnttarget genes.
Transactivation deficient LEF-1-b-catenin is impaired for axis duplication
The results so far indicate that transactivation by LEFDNbCTA is sufficient to elicit a Wnt-like response in Xenopus laevis embryos. We next asked whether the transactivation capacity of b-catenin was also a prerequisite for its signaling activity. To this end we generated a fusion construct (LEFDN-bcatDDC) which is composed of the LEFDN portion and b-catenin amino acids 1-683 (Fig. 1a) and thus lacks most of the C-terminal transactivation domain of b-catenin (A. Hecht, unpublished data). Although LEFDN-bcatDDC is expressed at levels comparable to LEFDN-bcat or LEFDN-bCTA its ability to activate the TOPFLASH reporter in transient transfections is strongly reduced (Fig. 1b,c) . Despite the presence of a second transactivation domain at the N-terminus of b-catenin (Hsu et al., 1998) (A.H. unpublished data) it appears that removal of the C-terminal transactivation domain largely if not completely inactivates the remainder of b-catenin in the LEFDN-bcatDC fusion. In agreement with this notion we rarely observed the formation of a secondary body axis upon expression of LEFDN-\ Db catDC in the ventral hemisphere of Xenopus embryos (Table 1) despite being expressed more efficiently than LEFDN-bcat (data not shown). The few developing ectopic axes were very short at early neurula stage and in most cases had disappeared at tadpole stage. Apparently, the LEFDN-bcatDC catenin fusion that lacks the C-terminal transactivation domain does not possess the same signaling capacity as LEFDN-bcat or LEFDN-bCTA. In summary, our findings show that the carboxyterminal transactivation domain of bcatenin is not only sufficient but also necessary for Wnt-like signaling by LEF-1-b-catenin fusion proteins.
b-Catenin can be replaced by an unrelated prototype transactivation domain
To gain further insight into the mechanism of target gene activation by the TCF/b-catenin complex, we asked whether an unrelated transactivation domain could functionally replace the C-terminus of b-catenin. Full-length LEF-1 or its HMG box were combined with the C-terminal 69 amino acids of the VP16 transcriptional activator from the Herpes simplex virus (Triezenberg et al., 1988) (Fig. 1a) . The resulting fusions, LEF-VP16 and LEFDN-VP16, were both efficiently expressed and were very potent at inducing gene expression from the TOPFLASH reporter plasmid when transfected into human 293 kidney cells (Fig. 3a,b) . Despite lower expression levels, LEFDN-VP16 stimulated luciferase activity 10 times more strongly than did LEFDNbCTA (Figs. 1c and 3b , note the different scales). When injected into the prospective ventral marginal zone of a Xenopus embryo, LEFDN-VP16 turned out to be a very powerful inducer of a secondary dorsoanterior axis (Table  1 and Fig. 3c ). Even at levels as low as 50 pg, LEFDN-VP16 still caused axis induction (Table 1) , reflecting its strong activity as seen in the transient transfection assay. Similar to LEFDN-bCTA, the ectopic axes induced by LEFDN-VP16 were frequently complete, showing ectopic eyes and cement glands (Fig. 3c) . LEFDN-VP16 was also able to rescue axis formation in UV-ventralized embryos (Fig.  3d) , and at an amount of 500 pg occasionally led to hyperdorsalization of the embryos. As with LEFDN-bCTA, axis duplication by LEFDN-VP16 was accompanied by induction of ectopic Siamois expression (Fig. 3e ) and could be inhibited by coinjecting LEFDN but not C-cadherin (Table  2 ). In summary, these results show that an unrelated prototype transactivation domain can functionally replace b-catenin when fused to the LEF-1 HMG box.
The role of the C-terminal transactivation domain of bcatenin during Wnt-signaling in Xenopus laevis
The Wnt/Wingless signaling pathway has been well characterized in different experimental systems. It is initiated by binding of secreted Wnt proteins to their Frizzled receptors; this triggers cytoplasmic signaling events mediated by Dishevelled, glycogen synthase kinase 3b, and other factors Harland and Gerhart, 1997; Willert and Nusse, 1998) . Wnt signaling is accompanied by an increase in cytosolic levels of b-catenin and its translocation to the nucleus where b-catenin can associate with architectural transcription factors of the TCF family (Behrens et al., 1996; Huber et al., 1996; Molenaar et al., 1996) . Ultimately, specific target genes with binding sites for TCF factors in their promoter regions like siamois and Xnr-3 in Xenopus and Ultrabithorax in Drosophila are activated (Brannon et al., 1997; McKendry et al., 1997; Riese et al., 1997) . Mechanistically, b-catenin could be engaged in multiple cytoplasmic and/or nuclear processes leading to target gene activation, such as a relief from repression, alteration of promoter architecture or interaction with components of the transcription machinery (Bienz, 1998) . It has also been demonstrated that Wnt signaling and b-catenin increase gap junctional communication on the future dorsal side of the Xenopus embryo (Guger and Gumbiner, 1995; Krufka et al., 1998) which raises the possibility that b-catenin could influence embryonic patterning through mechanisms not directly related to transcriptional activation. While the strict requirement of b-catenin for transmission of Wnt signals is well established, the specific role of the C-terminal portion of bcatenin is less clear. By use of artificial reporter gene assays it has been shown that the b-catenin C-terminus functions as transcriptional activation domain when fused to the DNA binding domains of various transcription factors Hsu et al., 1998) . However, ventral injection of b-catenin constructs consisting only of the arm repeat region without a transactivation domain nonetheless cause the formation of a secondary dorso-anterior body axis (Funayama et al., 1995) . Also, a variety of C-terminally truncated mutants in Armadillo, the presumptive Drosophila homologue of b-catenin, produce only mild to medium strong defects in early embryonic development (Klingensmith et al., 1989; Peifer and Wieschaus, 1990) . The goal of this study therefore was to clarify the importance of the C-terminus of b-catenin and its proposed function as transcriptional activation domain. Our data suggest that indeed, during Wnt-like signaling in early Xenopus development, formation of the TCF/b-catenin complexes primarily serves to deliver the transcriptional activation domain of b-catenin to target promoters. This is the first evidence that the Cterminal transactivation domain of b-catenin cannot only induce expression from artificial reporter plasmids but is also able to activate the siamois gene in its normal chromosomal context and thus is capable of functioning in a complex biological system. In fact, transcriptional activation appears to be the only function of b-catenin required to induce a dorsoanterior axis in Xenopus with all other events upstream of promoter binding and activation being dispensable. Moreover, we find that the C-terminus of b-catenin can be completely replaced by the VP16 transactivation domain, which is well characterized in its mode of action and which is known to interact with various components of the basal transcription machinery (Keaveney and Struhl, 1998) . Therefore, our results further corroborate the currently prevailing model of b-catenin-mediated signaling Bienz, 1998; Hsu et al., 1998) . According to this model a fundamental task of bcatenin during axis formation in Xenopus would be to stimulate the formation of transcription initiation complexes at the promoter of siamois and other target genes. It will be interesting to identify the nuclear factor(s) which interact with the transactivation domain of b-catenin during this process.
Experimental procedures
Plasmids
Plasmids were constructed and purified using standard procedures (Sambrook et al., 1989) . To generate LEF-1 fusions for transient transfection and RNA production a BamHI/PvuII fragment from pGEX4T1-LEF-1 (Huber et al., 1996) with LEF-1 residues 1-394 was fused to a HindIII/XbaI fragment from pcDNA3-VP16. The resulting fusion was inserted into pCS2 + , yielding pCS2LEF-VP16. From this we deleted a BspEI/Bsu36I fragment encompassing LEF-1 residues 7-264 to generate pCS2LEFDN-VP16. Cutting this plasmid with BglII and SacI and religation introduced a stop codon 5′ of the VP16 transactivation domain and created pCS2LEFDN. For detection of the LEF-1-VP16 fusions in western blots, oligonucleotides encoding the influenza virus HA-tag were inserted into BglII/SacI restriction sites between LEF-1 and VP16. For the construction of LEF-1-b-catenin fusions the LEFDN fragment was cloned into the HindIII/BamHI sites of pCS2 + . Two copies of the HA-tag were added and EcoRI/XhoI fragments coding for full-length b-catenin and b-catenin residues 1-683, respectively, or an EcoRI fragment with amino acids 695-781 of b-catenin was inserted to give pCS2LEFDN-bcat, pCS2LEFDN-bcatDC and pCS2LEFDN-bCTA. From pCS2LEFDN-bCTA a PmlI/ApaLI fragment coding for LEF-1 residues 280-318 was eliminated to generate pCS2LEFDNDHMG-bCTA.
Transient transfections and reporter gene assays
For transient transfection 5 × 10 5 human 293 kidney cells (ATCC no. CRL-1573) were seeded in 35 mm tissue culture dishes. Six hours later cells received 200 ml of a calciumphosphate coprecipitate containing 0.5 mg luciferase reporter plasmid , 0.5 mg expression vector for the LEF-1-b-catenin fusions and 0.5 mg pRSVLacZ DNA as internal control. After incubation at 37°C/10% CO 2 overnight, calcium-phosphate precipitates were removed by rinsing the cells in 140 mM NaCl, 0.75 mM Na 2 HPO 4 , 25 mM HEPES (pH 7.13). Cells were supplied with fresh growth media and incubated 24 h longer. At harvest, cells were washed with phosphate buffered saline, removed from the tissue culture dish in 0.5 ml 40 mM TrisHCl, pH 7.6, 150 mM NaCl, 1 mM EDTA, with a rubber policeman and transferred into a 1.5 ml Eppendorf tube. Cells were pelleted and lysed in 100 ml of 50 mM Trisphosphate pH 7.8, 0.1% Nonidet P40, 10% glycerol, 1 mM DTT, on ice for 20 min. Cell debris was removed by centrifugation at 20 000 × g for 10 min. Ten ml of the cleared cell lysate was placed into a 5 ml reaction tube and luciferase activity was recorded after injection of 300 ml 25 mM Tris-phosphate, pH 7.8, 10 mM MgCl 2 , 2 mM ATP, 0.05 mM luciferin, in a Berthold Biolumat LB 953. Activity of the lacZ reporter gene was determined in the same machine with 10 ml cell lysate after automated injection of 100 ml 1% Galacton (Tropix) in H 2 O followed 30 min later by 300 ml 2% Emerald enhancer (Tropix) in 0.2 N NaOH. Luciferase activities were normalized against the b-galactosidase activities and represent average values from at least three independent transfection experiments.
Western blot analyses
Human 293 kidney cells transfected with 7.5 mg plasmid DNA were lysed by boiling and sonication in 200 ml SDS-PAGE loading buffer. Lysates were applied to 10% SDS polyacrylamide gels. Xenopus embryos were lysed in 50 ml of 0.5% Triton X-100, 150 mM NaCl, 2 mM EDTA, 10 mM HEPES-NaOH, pH 7.4, 0.02% NaN 3 , and centrifuged for 10 min. The supernatant was supplemented with SDS-PAGE loading buffer, boiled and loaded on a 12% SDS polyacrylamide gel for electrophoresis. After transfer onto nitrocellulose, the HA-tagged LEF-1 fusions were detected with the monoclonal antibody 3F10 (Boehringer Mannheim) in 10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% Tween 20, 2% dry milk. Antibody-antigen complexes were visualized with the ECL detection system (Amersham).
RT-PCR assay
Total RNA from one embryo or three animal caps was purified with the RNeasy kit (Qiagen). Half of the RNA sample was denatured at 65°C, hybridized with random hexamers (Boehringer Mannheim) and cDNA was made using the Superscript Preamplification System (Gibco BRL). One fifth of the cDNA samples was used for PCR amplification as described (Vleminckx et al., 1997) with primers for Siamois or EF-1 cDNAs. Cycling conditions for Siamois were: 93°C for 2 min, followed by 28 cycles of 93°C, 60°C and 72°C for 30 s each. Conditions for EF-1 were 25 cycles of 93°C, 55°C and 72°C for 30 s each. Reactions were terminated with a 5 min incubation at 72°C. Primers for Siamois were 5′-AAACCACTGATT-CAGGCAGAGG-3′ and 5′-GTAGGGCTGTGTATTTG-AAGGG-3′, respectively, generating a 371 bp fragment. Primers for EF-1 were 5′-CAGATTGGTGCTGGATA-TGC-3′ and 5′-ACTGCCTTGATGACTCCTAG-3′, yielding a 268 bp fragment. PCR samples were separated electrophoretically on 5% polyacrylamide gels run in 0.5× TBE, and visualized by autoradiography.
RNA injections
Constructs were linearized and capped RNAs were synthesized using SP6 RNA polymerase (Promega) (Vleminckx et al., 1997) . RNAs were injected in a volume of ca. 15 nl into the equatorial region of a single prospective ventral (or two dorsal) blastomere of 4-cell stage Xenopus embryos. In some experiments LEF-1-fusion constructs lacking HA-epitope tags were used with no apparent differences in the experimental outcome. During injection, embryos were kept as described (Vleminckx et al., 1997) and scored at stage 16-18 for axis duplication. Staging was according to Nieuwkoop and Faber (Nieuwkoop and Faber, 1967) .
